pH and K + from the extracellular space, Po2, and CBP have been measured in the same region during progressive ischaemia of primate cerebral cortex. As blood flow was reduced, the other changes had the fol lowing sequence. P02 fell rapidly to 30% of control levels at regional CBP (rCBP) of 30 ml 100 g-I min -I. As CBP was further reduced, P02 continued to fall. pH remained stable until around 20 mll00 g-I min-I, below which pH fell rapidly, with an exponential increase in H+ concen tration. K + showed the well-known relationship to CBF,
The fall in the pH in the extrac e llular space in the central nervous syste m, associated with anoxia/ hypoxia and deep ischaemia, has been shown many times (Holmes, 1932; Sonnensche in et aI. , 1953 ; Thorn and He itmann, 1954; Me yer et aI., 1962a,b; Crowell and Kaufmann, 1961; Cragg et aI., 1977; Siemkowicz and Hansen, 1981 ; Kraig et aI. , 1983) . Falls in intracellular pH have been recorded in deep isc haemia (Thulborn et aI. , 1982; Ande rson and Sundt, 1983; Mabe et aI. , 1983; N aruse et aI. , 1983; Hossmann et aI. , 1985) . Howe ver, the re has been little work covering the extrac e llular pH (pHe) change s in partial ischaemia. Astrup et ai. (1977) have suggested a close association be tween the onset of the fall in pHe and the loss of the somato sensory evoked potential in the primate. Harris and Symon (1984) have made rec ord ings during pro gressive ischaemia in the rat, and Strong et ai. (1983) have made observations in the cat. In view of the proposed role of ac id osis in causing or exa-remaining normal until around 10 ml 100 g-I min-I, below which K + rose rapidly. pHe and log K + were lin early related and confirmed that pH fell by 0.3 U before K + rose significantly, and fell by 0.6 U before the mas sive rise in K +. The mechanisms involved in this se quence of events and the role of pH changes in the devel opment of the so-called "ischaemic penumbra" are discussed. Key Words: Ischaemia-K+-pH-Po2-Primate cortex.
cerbating isc hae mic cell injury (e.g., Rehncrona et aI. , 1980; Siesjo 1981 Siesjo , 1984 Paljarvi et aI. , 1983; Plum, 1983; Rosner and Becker, 1984) , it seems im portant to more fully charac terise the time of onset of ac id osis and its re lationship to other aspe cts of isc haemic pathophysiology. This study extends the charac te risation of the changes of pHe during isc h aemia in the primate in relation to both CBF extra cellular potassium activity (Ke) and total tissue ox yge n availability.
MATERIALS AND METHODS
The measurements were made in 13 baboons (9 male, 4 female) in the weight range 9-12 kg. The animals were prepared for middle cerebral artery (MCA) occlusion and acute experimentation as described previously (Symon, 1975) with minor modifications. In brief, the animals were sedated with Ketalar (ketamine hydrochloride; 60 mg/kg), maintained with thiopentone, and anaesthetised with alpha chloralose (60 mg/kg. i.v.). Both femoral ar teries and one vein were cannulated for measurement of blood pressure, blood gases, and the administration of drugs. The animals were ventilated on pure oxygen at a rate to maintain normal PaC02 (38-42 mm Hg). Both common carotid arteries were exposed in the neck and snared for later occlusion, if necessary, to achieve the desired levels of blood flow. The right MCA was exposed by transorbital dissection, ready for subsequent occlu sion with a Scoville clip. A large craniectomy exposed the right cerebral hemisphere from the Sylvian opercula to the parasagittal region. A pool was created and the brain covered with Hartmann's solution and, later, warmed mineral oil for protection.
Platinum wire (125 j,Lm) electrodes were implanted in groups of 2 or 3 in several regions across the cortex to measure CBF using the hydrogen clearance technique (Pasztor et at., 1973) . P02 was measured polarographic ally using gold wires (125 j,Lm) polarised to -700 m V (Crockard et a\., 1976) . pHe and extracellular potassium (Ke) were recorded at the same point simultaneously using triple-barrelled double-ion-sensitive microelec trodes (ISM) (Harris et aI., 1981; Harris and Symon, 1984) . The pH filling solution and calibration solutions for these electrodes were made from potassium dihydrogen orthophosphate (40 mM), NaOH (20 mM), and NaCl mixtures to an approximate ionic strength of 0.15 M (Erne et aI., 1979) .
After MCA occlusion, CBF was measured, and if nec essary, either the ipsilateral or contralateral common ca rotid artery was occluded to reduce CBF to the desired level. Each occlusion produced a stable level of CBF that remained constant over the period of study.
RESULTS
pHe and Ke we re re corded toge the r at 20 site s in 10 animals. P02 was re corded in 4 regions (2 site s per region) in each of 9 animals (ions were re corded in 6 of these 9 animals). Ions were re corded in 4 animals without P02 me asurement; a total of 13 an imals were used. CBF was recorded in each region of ion and P02 rec ording, with the values of re gional CBF being the average of the results from 2 or 3 flow electrodes. Ave raged control pHe was 7. 31 ± 0.077 U (mean ± SD) (n = 10), and control Ke was 2. 81 ± 0. 63 mM (n = 10). Control rCBF was 58 ± 15 ml 100 g-I min-I in the total of 13 animals.
With progressive reduc tion in rCBF, the re were only marginal inc rease s in extrace llular potassium until the CBF had falle n to levels of around 10 ml 100 g-I min-I (illustrated in Fig. 1 ). At this point, as has previously been shown, extrac ellular potas sium concentration rapid ly rose (Fig. 2) .
By contrast, cortical oxygen availability fell grad ually and progre ssively with re duc tion in CBF, so that at a CBF of 30 ml 100 g -I min -I , it had fallen to around 30%. P02 continued to fall, but more slowly, as CBF was furthe r reduc ed ( Fig. 3 ). Extra cellular pH was largely unaffe cted at flow leve ls above 20 ml 100 g-I min-I . Below 20 ml 100 g-I min -I , however, there was a rapid decrease in ex trace llular pH that was linearly related to flow. This indicates that below such flow le vels the re is an ex ponential build-up of hydrogen ions (Fig. 4) .
Analysis of the steady-state relationship between extracellular potassium and pH showe d that the re were conside rable change s in extrace llular pH be- fore any change in extrace llular potassium ( Fig. 5 ). This is illustrated in the series of figure s (lA-C) where only a minimal increase in extracellular po tassium could be acc ompanied by an apprec iable fall of up to 0 . 16 U in extrace llular pH ( Fig. lA) . When blood flow had been reduced to the threshold level of 10 ml 100 g -I min -I , where a large potas sium shift occurred (Harris et aI., 1981) , a ve ry much larger shift in extrac ellular pH was evident, with a fall in the illustrated circumstanc e of 0. 76 pH units (Fig. lB) . At the peak of extrace llular potas sium move me nt and sustaine d major ionic shift, an even larger extracellular acidosis could be obtaine d ( Fig. Ie shows a Ke and pHe showed that pHe droppe d markedly be fore the massive rise in extrace llular potassium and continued to fall slightly thereafter (Fig. 5 ). An al ternative analysis of the data illustrated in this figure shows a highly significant corre lation by a least-square s regression analysis between extracel lular pH and log Ke' The equation of the line is y = -l.l1x +8. 53 (n = 37; r = -0. 9014; p 0. 001). pHe could be shown to fall by about 0. 3 U before there was any significant rise in extrace llular potas sium (me an ± 2 SD) and by 0. 6 U before the mas sive rise in potassium occurred, the take-off point of this massive rise being regarded as 13 mM Ke. Mter the major ion change had oc curred, pHe con tinued to fall at 0. 34 U hr-1 and appe ared to be unrelated to serum glucose levels. The serum electrolyte, gluc ose, osmolality, and haematocrit changes during the experiments are il lustrated in Table 1 . 
DISCUSSION
Rec ording of pHe changes using ion-selec tive electrodes has so far conce ntrated on changes after cardiac arre st (Mutc h and Hansen, 1984), total ischaemia (Siemkowicz and Hansen, 1981) , and dense ischaemia (Heuser et aI., 1980) . The results presented here have conce ntrated on pHe changes in partial ischaemia. They extend those of Astrup et aI. (1977) by showing the variable response of pHe to differing levels of ischaemia and the relationship of the changes of pHe to those of Ke.
The results show that as flow is reduced, large changes in pHe (0. 3 U) occur before there is any significant incre ase in Ke' At deeper levels of isch aemia, where Ke rises to a plateau of around 13 mM [before any fall in extrace llular calcium levels (Harris et aI., 1981) ], there is a total fall in pHe of 0. 6 U. In dense ischaemia, with a massive increase in Ke, there was a fall in pHe to less than 6. 5 at all but one rec ording site.
The decrease in P02 to around 30% at 30 ml 100 ± 0.5 ±1.3 ± 7.9 ± 3.6 (n = 9) (n = 9) (n = 9) (n = 9) (n = 9) 3 145 3.7 9.7 303 39 ± 2.9 ± 0.6 ± 2.4 ± 7.6 ± 4.4 (n = 9) (n = 9) (n = 8) (n = 9) Sample 1 was taken early during surgery, sample 2 was taken before MCA occlusion, and sample 3 was taken during the is chaemic period. Na, K, and glucose are in units of mmol L -I, osmolality in mosmol kg-I, and HCt in percent. The values . are expressed as mean ± SD, and n = 10 unless stated otherwIse. There is no statistically significant difference between the values using a Student's unpaired t test.
g-I min-I is not accompanied by any pathological change that we have measured so far. The brain is apparently able to cope with the reduced oxygen supply by increased extraction (Siesjo, 1978) .
The decrease in flow and P02 did not appear to affect extracellular hydrogen ion homeostasis until flows of 20 ml 100 g-I min-I were reached. The ensuing acidification of the extracellular fluid (ECF) may represent the point at which the lactic acid produced by the increased proportion of an aerobic glucose metabolism exceeds the capacity of the mitochondria to metabolise it (Rosner and Becker, 1984) . In addition to an increase in CO2 and lactic acid, a build-up of neurotransmitter amino acids in the ECF may also contribute to the extra cellular acidosis (Benveniste et aI. , 1984) . Which of these mechanisms are primarily responsible for the acidification and which are pathological effects re mains to be confirmed.
The data presented here can be combined with data reported previously for this model to characte rise the sequence of changes in progressively deep ening ischaemia. As flow decreases to 30 ml 100 g-I min-I, P02 falls to around 30% of control without any so far detectable pathological changes occurring. As flow is further reduced to 20 ml 100 g-I min -I, P02 falls further, and there is a reduc tion in the rate of clearance of evoked increases in Ke (Branston et aI. , 1982) . This reduction in clear ance rate occurs before any measurable change in pHe. Below 20 ml 100 g-I min -1, there is a loss of the somatosensory evoked potential (Branston et aI. , 1974 (Branston et aI. , , 1977 (Branston et aI. , , 1984 , an increase in brain water content (Symon et aI. , 1979) , and a decrease in pHe' Further decreases in flow to around 10 ml 100 g-I min -I are associated with the loss of potassium (Astrup et aI. , 1977; Branston et aI. , 1977) and cal cium homeostasis (Harris et aI. , 1981) and infarc tion (Symon and Brierley, 1976) .
These results, therefore, confirm those of Strong et al. (1983) that penumbral regions, as defined by Astrup et al. (1981) show a pHe decrease of up to 0.6 U. In a state of limited energy production, this may be a load that can only be tolerated for a finite time, leading to the death of progressively more penumbral neurons. The value of pHe associated with the fast Ke increase at about 6. 6 U is similar to the threshold value for infarction described by Pul sinelli and Petito (1983) . Consequently, the infarc tion is associated not only with major calcium shifts (Harris et aI. , 1981; Siesjo, 1981 Siesjo, , 1984 , but also with a drop in pHe below a "threshold. " There has been much discussion of the role of acidosis in the cause or exacerbation of the pathology of dense ischaemia (for example, Rehncrona et aI. , 1980 , J Cereb Blood Flow Metab, Vol. 7, No.5, 1987 1981 Siesjo, 1981 Siesjo, , 1984 Paljarvi et aI. , 1983; Plum, 1983) . However, less attention has been paid to the role of minor changes in pHe on dynamic states, such as that in the penumbra. For example, de creased pH can affect many systems, such as en ergy metabolism (Swanson, 1969) , membrane bound enzymes such as Na-K ATPase (Rosner and Becker, 1984) , neurotransmitter metabolism (Gibson and Blass, 1976) , and intracellular free cal cium levels (Baker and HoneIjager, 1978) . Thus, falls in pHe could interfere with electrical activity and disrupt water homeostasis through effects on enzyme activities [decreased Na/K and increased NalH exchange (Siesjo and ], mem brane permeability, and by the formation of idio genic osmoles (Symon et aI. , 1979) . Benveniste et ai. (1984) have shown that glutamic and aspartic acids are the first acid moieties to be released into the ECF after cardiac arrest. Glutamic acid has been shown to be cytotoxic both in vitro (Rothman, 1984) and in vivo using microiontophoretic applica tion (Herz et aI. , 1969) . Wieloch et al. (1985) have shown that removing glutamate and aspartate in nervation reduces neuronal loss from the hippo campus after complete ischaemia of rat brain. If the fall in pHe described in this report results in part from amino acid accumulation in the ECF, this pro vides a mechanism to explain both the sequence of pathological changes seen in progressive ischaemia and the finite life span of the penumbral neuron (the "sleeping beauty") (see Lassen and Vorstrup, 1984, and responding letters) .
The relationship between pHe and rCBF reported here differs from that reported previously by us for progressive ischaemia of the rat (Harris and Symon, 1984) . In the previous study, pHe fell steadily below 30 ml 100 g -I min -I. There are three possible reasons for this: (I) there is a species dif ference for the blood flow threshold for a fall in pRe between primate and rat; (2) the rats were anaes thetised with halothane, which causes a greater aci dosis during partial ischaemia compared to pento barbital anaesthetised animals (Anderson and Sundt, 1983) ; and (3) the ischaemia in the rat was produced by exsanguination after bilateral carotid artery occlusion, which may produce a different re sponse compared to arterial occlusion alone.
In conclusion, this study shows that the onset of extracellular acidosis is concurrent with the loss of the somatosensory evoked potentials and the start of oedema formation. There was a 0.3-U drop be fore Ke rose significantly, and the penumbral region was associated with falls in pRe of up to 0.6 U. The major change in Ke was associated with a further fall in pHe. The potential role of this fall in pHe in the sequence of pathological events III ischaemia has been discussed.
